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INSIGHTS
The biogeography of sodium in Neotropical figs (Moraceae)
Adriana Bravo1,3, and Kyle E. Harms2
1 Center for Biodiversity and Conservation, American Museum of Natural History, Central Park West at 79th street, New York, NY 10024,
USA
2 Department of Biological Sciences, Louisiana State University, 202 Life Sciences Bldg., Baton Rouge, LA 70803, USA
ABSTRACT
Sodium is essential for animals but not for most plants. Terrestrial sodium comes largely from marine aerosols, so inland ecosystems
should have greater potential for sodium limitation than coastal ecosystems. We report a significant decrease of sodium in fruits of four
Neotropical Ficus species with distance from presumed marine source.
Abstract in Spanish is available with online material.
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SODIUM IS AN ESSENTIAL NUTRIENT FOR ANIMALS. It plays a critical
role in the physiology of osmoregulation, nerve impulses and
muscular function (Michell 1995). Owing in part to its impor-
tance, sodium is one of the most limiting nutrients to animals
and microbes in the mid-continental Neotropics (Stark 1970,
Emmons & Stark 1979, Brightsmith et al. 2008, Kaspari et al.
2008, Powell et al. 2009, Dudley et al. 2012). The heterogeneous
geographic availability of sodium should have substantial conse-
quences for animal assemblages and whole ecosystems (Kaspari
et al. 2008, 2009).
In contrast to animals, most terrestrial plants do not require
sodium, and in high concentrations it can be toxic (Maathuis
2014). The extent to which plants take up sodium from the soil
varies across species and may also depend on soil concentrations
of other nutrients, such as potassium (Subbarao et al. 2003).
However, within the sodium-tolerance range, sodium concentra-
tions found in plant tissues are expected to reflect soil (or
growth-medium) concentrations of sodium (Maathuis 2014).
Sodium availability is geographically patterned (Cheeseman
2015). Most sodium input to terrestrial ecosystems comes from
aerosol deposition from marine sources, and therefore sodium
input decreases sharply with increasing distance from the ocean
(Stallard & Edmond 1981). As a consequence, ecosystems far
from the ocean should have greater potential for sodium to limit
organisms compared to ecosystems in coastal areas. Inland areas
are expected to have lower sodium concentrations in soils, lead-
ing to lower sodium concentrations in plants, and consequently
providing limited sodium to herbivorous and frugivorous con-
sumers (Stark 1970, Jordan & Herrera 1981).
Animal behaviors suggesting sodium-limited diets have been
documented in Neotropical areas distant from the ocean. For
instance, herbivorous ants had a stronger preference for higher
concentrations of sodium in western Amazonia compared to
Panama, and an overall higher preference for sodium over
sucrose compared to carnivorous ants (Kaspari et al. 2008). Simi-
larly, in western Amazonia several species of mammals and birds
that feed primarily on plants visit unusual, sodium-rich soil
patches along the riverbanks or forest interior—known as collpas,
clay licks or mineral licks—to consume soil (Emmons & Stark
1979, Brightsmith & Aramburu Mu~noz-Najar 2004, Bravo et al.
2008, 2010, Lee et al. 2010, Powell et al. 2009, Tobler et al. 2009,
Blake et al. 2011). In contrast, there are no records of strictly car-
nivorous species consuming soil in these areas, presumably
because carnivores obtain sufficient sodium from their animal
prey.
Along with the accumulating evidence for sodium limitation
among primary consumers in regions distant from the ocean, an
important question is whether low sodium availability in the
physical environment is reflected in the plants consumed by her-
bivores. In a study on the use of mineral licks by frugivorous
bats in the Peruvian Amazon, Bravo et al. (2012) reported signifi-
cantly lower concentrations of sodium in figs compared to those
from Barro Colorado Island in Panama, as previously reported
by Wendeln et al. (2000). To our knowledge there are no studies
that have systematically assessed the biogeographic patterns of
sodium concentration in plants.
We assessed the patterns of sodium concentrations in the
syconia (i.e., the fruits) of four Ficus species that occur broadly
throughout the Neotropics. We used Ficus as a study group
because of its importance as a keystone resource for the commu-
nity of vertebrates (Terborgh 1986). In the Neotropics, figs are
produced asynchronously year-round, providing a reliable
resource for several vertebrate species (Milton et al. 1982, Ter-
borgh 1986). Figs have been recorded as the main dietary com-
ponents of numerous species of birds (Snow 1981), monkeys
(Milton et al. 1982, Terborgh 1983), and bats (Morrison 1978,
Giannini & Kalko 2004, Lobova et al. 2009, Bravo et al. 2012).
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Coincidently, several of these and other largely frugivorous spe-
cies, such as the lowland tapir, white-lipped peccary, red-brocket
deer, spider monkey, wholly monkey, guans, parrots, and frugivo-
rous bats, among others, have also been observed consuming
sodium-rich soil in areas far from the ocean (Emmons & Stark
1979, Brightsmith & Aramburu Mu~noz-Najar 2004, Bravo et al.
2008, Tobler et al. 2009, Blake et al. 2011).
We collected dried syconia (figs) of four Ficus species from
158 specimens of the herbarium collections of the New York
Botanical Garden (NYBG) in New York, NY and the Missouri
Botanical Garden (MBG) in Saint Louis, MO. We sampled 58
specimens of Ficus citrifolia, 34 of Ficus insipida, 56 of Ficus max-
ima, and 10 of Ficus paraensis (see Table S1). To avoid unnecessary
destruction of herbarium specimens, we sampled whole figs pre-
served in paper envelopes as part of the specimen, did not
remove figs that were attached to the vegetative parts of the
specimen, and only sampled specimens with enough figs to
remain with a sample after collection. We collected ~0.5 g of dry
mass (one or two figs) using a one-gram Pesola scale. We placed
the samples in a labeled paper coin envelope and took a picture
of the voucher specimen to record specimen data. The geo-
graphic distribution of the samples ranged in latitude from ~21
N to ~57 S, as shown in Fig. 1. For this study, we added two
samples each from F. insipida and F. maxima from a previous
study (Bravo et al. 2012) to complete a total of 162 data points.
The sodium concentration on a dry mass basis of each fig
sample, including those from Bravo et al. (2012), was determined
at the Soil Testing and Plant Analysis Laboratory at the Louisiana
State University Agricultural Center (http://www.lsuagcenter.
com). First, 5 ml of concentrated HNO3 was added to a mini-
mum of 0.5 g ground, dry plant matter. After 50 min, 3 ml of
H2O2 was added and the sample was digested on a heat block
for 2.75 h. Finally, samples were cooled and diluted to measure
the concentration of minerals using inductively coupled plasma
spectrometry. Concentrations were provided in parts per million
(ppm). Concentrations of aluminum, boron, calcium, copper,
iron, magnesium, manganese, phosphorus, potassium, sulfur, and
zinc were also provided by the lab (Table S1).
To determine the distance of the sampled figs to the closest
effective source of sodium, we first plotted the location of each
sample on a map. We then measured the distance (km) to the
closest marine coast, or, if a mountain barrier (>2000 m asl)
blocked the shortest path to the sea, to the closest coast not
blocked by a mountain barrier. We assigned geographic coordi-
nates in the Universal Transverse Mercator (UTM) system to
each fig sample by using the location information from the
vouchers and then plotted these points on a map using the map-
tools library in R (R Development Core Team, 2012). Using this
map as a reference, we located each sample point in Google
Earth (http://www.google.com/earth/) and estimated its closest
distance to the ocean. For the Amazon region, we followed Stal-
lard and Edmond (1981) by using the Atlantic coast as the
region’s source of sodium since the Andes Cordillera constitutes
a geographic barrier to the aerosols of the Pacific Ocean.
To determine if distance to the nearest effective source of
sodium predicts sodium concentration in Ficus fruits, we built
four Generalized Least Squares models including two that
accounted for spatial autocorrelations (Gaussian and exponential
correlation structure). We compared all models using the Akaike
Information Criteria (AIC, Burnham & Anderson 2002) and cal-
culated the pseudo R-square for the fittest model (Nagelkerke
1991). We also explored the responses of the other eleven ele-
ments to the same distances (Table S1). All analyses were con-
ducted in R (R Development Core Team, 2012). We did not
include the collection year of each specimen as a covariate in the
model, since we found no correlation between this variable and
sodium concentration in figs.
Sodium concentration in figs decreased as a function of the
effective distance to the ocean (Fig. 2). Based on the model selec-
tion, distance to the nearest effective marine source is the best
explanatory variable for the concentrations found in four Ficus
species (pseudo R2 = 0.22; Table 1). Adding species identity or
spatial autocorrelation to the models did not improve model sup-
port (Table 1). In the case of the other eleven elements, only
three (Bo, Ca, and Mn) showed significant variation with distance,
but in all cases the variation was of a much lower magnitude
than that of sodium (Fig. S1; Table S2).
We found that sodium concentration in Ficus fruits (figs)
decreased as a function of the distance to the nearest effective
marine source of sodium. This pattern supports one prediction
of the geographic sodium limitation hypothesis, that is, a decrease
in plant-tissue concentrations with increasing effective distance
from the sea (Stallard & Edmond 1981, Kaspari et al. 2008). Sim-
ilar to our findings, Bravo et al. (2012) found that the sodium
concentrations in fruits of Ficus species from southeastern Peru
were significantly and substantially (by two orders of magnitude)
FIGURE 1. Geographic locations and sodium concentrations (ppm) of Ficus
fruits from herbaria, sampled across the Neotropics. Circle size indicates
sodium concentration.
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lower than those from Ficus species found in Panama (Wendeln
et al. 2000). Together, these observations suggest that sodium
availability in the fruits of keystone species such as Ficus species
is strongly influenced by the geographic distribution of sodium
inputs into Neotropical ecosystems.
The limited availability of sodium in fruits of multiple Ficus
species in inland regions in the Neotropics, such as western Ama-
zonia, suggests that concentrations in other tissues and other
plant species in this region may also be low. For instance, Gilardi
(1996) reported an average sodium concentration of
38.8  11.3 ppm for various parts of 50 plant species (including
fruits of eight Ficus species) consumed by parrots in southeastern
Peru. Later, Brightsmith et al. (2008) reported similar findings for
12 other plant species. As a consequence, plant-eating animals in
inland Amazonia potentially face sodium limitation in their pri-
mary diets (Gilardi 1996, Brightsmith et al. 2008), which may
explain the use of secondary sources of sodium, such as the licks
used by a diversity of primarily herbivorous and frugivorous ani-
mal species (Emmons & Stark 1979, Brightsmith & Aramburu
Mu~noz-Najar 2004, Bravo et al. 2008, Brightsmith et al. 2008,
Powell et al. 2009, Tobler et al. 2009). Furthermore, although
numerous species of herbivores and frugivores have been
observed engaging in geophagous behavior (i.e., soil consump-
tion) and drinking sodium-rich water (see Bravo et al. 2012 and
references therein), this does not seem to be a common behavior
in regions closer to the ocean (Lee et al. 2010).
The biogeographic pattern of sodium in figs reported in this
study could have numerous implications for plant-eating animals
FIGURE 2. Sodium concentration (ppm) in fruits relative to the nearest effective source of marine sodium (km) (i.e., nearest ocean not blocked by a mountain
chain) in four Neotropical Ficus species. Pseudo R2 value is provided.
TABLE 1. Models and model-selection statistics for the relationship between sodium
concentration in fruits of four Ficus species and distance to the nearest
effective source of marine sodium.
Model logLik AIC DAIC x
Constant 282.9 569.8 36.6 0.00
log(Distance) 263.6 533.2 0 0.32
log(Distance) + Species 260.9 533.7 0.5 0.25
log(Distance) + Species
(Gaussian autocorrelation)
259.8 533.5 0.3 0.27
log(Distance) + Species
(Exponential autocorrelation)
260.2 534.5 1.3 0.17
log-Lik = logarithm of the maximized likelihood; AIC = Akaike Information
Criterion; DAIC = difference in AIC values between a model and the best
model; x = model probability.
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and ecosystems. For instance, studies have shown that herbivo-
rous ants in the western Amazon have a strong preference for
sodium-rich solutions compared to other baits (Kaspari et al.
2008, Arcila Hernandez et al. 2012). Similarly, species of phyl-
lostomid bats, ungulates, rodents, primates, birds, and insects in
western Amazonia visit sodium-rich licks to consume sodium-rich
soil or to drink sodium-rich muddy water from soil depressions
made by the excavations of larger geophagous mammals (Bravo
et al. 2008, Brightsmith et al. 2008, Lee et al. 2010, Blake et al.
2011). Although no studies have reported the consequences of
sodium limitation for Neotropical animals at the population or
community levels, the physiological importance of sodium sug-
gests that they could be substantial for absolute and relative pop-
ulation-level phenomena such as local abundances, distribution
patterns, and overall population sizes. At the ecosystem level,
sodium has been shown to play a critical role in the process of
litter decomposition, such that in ecosystems with limited sodium,
carbon cycling could be slower relative to sites with greater
sodium availability (Kaspari et al. 2009).
The biogeographic pattern of sodium limitation was similar
in all species we studied, suggesting that the environmental influ-
ence (i.e., soil concentration) is more consequential than species
identity or phylogeny. Although there was variation in sodium
concentration within sites, we found no significant effect of spe-
cies identity on the concentration of sodium in figs. These results
contrast with a previous report for 14 species of figs on Barro
Colorado Island, Panama, but in that case the values varied
across a relatively small range of high values, from a minimum of
1050 ppm to a maximum of 2800 ppm (Wendeln et al. 2000).
We tried to thoroughly cover the Neotropics from samples
available in two herbaria. Future studies could extend our results
with additional herbarium sampling or collection of fresh mate-
rial, particularly from central Amazonia, for which limited mate-
rial was found in the herbaria visited in this study. In addition,
sampling other species of plants consumed by herbivores and
frugivores would provide a test for the generality of these biogeo-
graphic patterns and their potential consequences for plant-eating
heterotrophs. Another important topic of research is to under-
stand the effects of temporal (e.g., seasonality, year-to-year vari-
ability in rainfall/drought) and spatial (e.g., habitat, topography)
factors on the availability of sodium in the soil and plant tissues.
Detailed information at the local scale and over time would refine
our findings and potentially explain additional variation in the
sodium concentration of figs. Finally, to fully establish the links
between sodium availability in the soil and sodium concentrations
in plant tissues (i.e., where sodium becomes available to hetero-
trophic consumers), we need detailed, coordinated studies of soils
and plant tissues, together with sodium-manipulation experiments
directed toward all ecosystem components, including animal and
microbial consumers.
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